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Au nanoparticles embedded In2O3 thin films (In2O3:Au) were grown by DC reactive sputtering method in three
different target configurations. Presence of Au in In2O3 matrix was confirmed by glancing angle X-ray diffraction
(GXRD) and transmission electron microscopy (TEM). Crystallite sizes of Au were obtained by Debye-Scherrer
formula from GXRD data. Localized surface plasmon resonance was observed for In2O3:Au samples from optical
absorptionmeasurement at peak value of ~550 nm and inferred red shift of resonance peak towards the increas-
ing crystallite size. Rutherford backscattering spectrometry (RBS) studies of selected samples on Si substrate
showed minor In diffusion and absence of Au diffusion into the Si substrate. X-ray photoelectron spectroscopy
(XPS) studies revealed that the chemical state of Au is neutral. The samples with high Au content exhibited per-
sistent photoconductivity due to the sub band gap absorption indicating the introduction of sub band gap trap
levels in In2O3.
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1. Introduction

Metal nanoparticles exhibit properties that differ significantly from
those of their bulk counterpart and are attractive from scientific and
technological points of view [1,2]. For instance, noble metal nanoparti-
cles, display pronounced absorption caused by collective excitation of
conduction electrons called localized surface plasmon resonance [2].
Noblemetal nanoparticle embedded thin films are a rigorous area of re-
search due to their unique functional properties. The main properties of
interest are optical, catalytic, electrical/thermal conductivity, antibacte-
rial/biological, colour, photocatalysis, photochromic effects,
electrochromic, photoluminescence, the plasmon resonance/shift and
enhanced reactivity [3–5]. The properties expected from noble metal
nanoparticles embedded system are due to the noble metal nanoparti-
cles morphology, shape, size and the dielectric nature of the surround-
ing medium. When the embedded medium becomes a transparent
conducting oxide (TCO), they generally exhibit unique combination of
two characteristics, viz., high optical transparency and large electrical
conductivity. Therefore metal nanoparticle embedded TCO films are
kce.ac.in (S. Kasiviswanathan).
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expected to possess interesting characteristics. For instance, the plas-
mon band that appears in the visible region can be wavelength shifted
and hence nanoparticles embedded thin films may be used as filters.
Further, silver nanoparticles embedded indium tin oxide thin films [6]
have shown large enhancement in electrical conductivity. In addition,
noble metal nanoparticle embedded oxide films have been found to
show large non-linear optical coefficients [7–9]. These above observa-
tions are inspiring towards the strong research on metal nanoparticles
embedded transparent oxide thin films.

TCOs are heavily doped large band gap semiconductors which pos-
sess high optical transparency (~85%) and high electrical conductivity
(104 Ω−1 cm−1), which are, in general, considered as diametrically op-
posite characteristics [10–13]. High optical transparency is due to the
large optical gap (N3 eV) while electrical conduction has been attribut-
ed to oxygen vacancies. They are metal oxides and hence show n-type
conduction due to oxygen deficiency. The three well known oxides are
In2O3, SnO2 and ZnO [14]. TCO thin films are primarily used as transpar-
ent electrodes in solar cells, flat panel displays, sensors and other de-
vices, which need to be transparent for visible light [15–17]. Indeed,
Au nanoparticles are the most stable metal nanoparticles due to the
inert nature of Au similarly In2O3 is a well-known TCO. The resistivity
of In2O3 can be varied by even ten orders by introducing oxygen vacan-
cies, which is needed for studying the metal nanoparticles in different
conducting environment. The present article narrates the preparation
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and some of the physical properties of Au nanoparticles embedded
In2O3 thin films.

2. Experiments, results and analysis

2.1. Growth of In2O3:Au thin films

In2O3:Au thin films were grown by dc reactive sputtering of a In-Au
composite target. It consists of a 3 inch diameter 5 N purity In disc with
small 5 N purity Au discs placed on its surface at suitable locations. The
Au content in thefilmswas varied by altering the number and the size of
the Au discs. Three different target configurations were used: 1) Two
8 mm diameter Au discs placed diametrically opposite to each other at
a distance of 29 mm from the centre, 2) A 8 mm diameter Au disc
kept at the centre, and 3) A 4 mm diameter Au disc kept at the center.
Hereafter, films obtained using these three configurations are called as
sample A, sample B and sample C respectively, for brevity of presenta-
tion. The other sputtering conditions are same as those used for growing
In2O3 films. Briefly, sputtering was done at a constant power (100 W)
using a gas mixture consisting of 98% Ar and 2% O. The pressure during
sputtering was 5 × 10−2 mbar. After deposition, the films were
annealed at 673 K for a period of 3 h in flowing argon prior to making
any measurements. It is to be mentioned here that the resistivity of
In2O3:Au thin films were nearly three orders higher than that of In2O3

thin films, deposited under similar conditions. This indicates that during
sputtering the oxygen content in the films increases.

2.2. GXRD studies

GXRD measurements were carried out in a PANalytical (model:
X'Pert PRO) XRD unit using Cu-Kα radiation. Fig. 1a–c show typical
GXRD patterns obtained for samples A, B and C respectively. The pat-
terns observed for sample A (Fig. 1a) and sample B (Fig. 1b) contained
peaks that could be identified with those of In2O3 and Au. Among the
peaks, only two have been found to arise from Au and correspond to re-
flections from (111) and (200) planes (JCPDS card no.:004-0784). How-
ever, GXRD pattern of sample C (Fig. 1c) did not show evidence for the
presence of Au, whichmay be attributed to the low concentration of Au.
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Fig. 1. GXRD pattern of In2O3:Au thin films. Panels a, b and c correspond to samples A, B
and C respectively.
The average Au crystallite sizes, calculated usingDebye-Scherrer formu-
la [18] for samples A and B are ~12 nm and ~9 nm respectively.

2.3. TEM studies

In2O3:Au thin films were subjected to TEM investigations for de-
tailed structural analyses. TEM measurements were performed using
Philips CM-12 equipment. In TEM, plane-view electron micrograph
gives information about the microstructure of the sample and selected
area diffraction (SAD) pattern reveals the crystalline nature. The accel-
erating potential was kept at 80 kV and the electron beam current dur-
ing the experiments was ~1 μA. TEM measurements were made on
sample C, as it was not possible to identify the presence of Au from
Fig. 2. (a) TEM micrograph of In2O3:Au thin film (sample C) and (b) the corresponding
electron diffraction pattern. Ring corresponding to reflection from Au (111) plane is also
marked.
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GXRD patterns. Fig. 2a shows a dark field electronmicrograph of sample
C. The accelerating potential and the beam current usedwere 80 kV and
1 μA respectively. The polycrystalline nature of the In2O3:Au film can be
clearly seen in the micrograph. However, it is not possible to differenti-
ate Au crystallites from those of In2O3 matrix. The corresponding
indexed SAD pattern is displayed in Fig. 2b. The sharp rings present in
the SAD patterns confirm the polycrystalline nature of the film. In addi-
tion to the reflections fromdifferent In2O3 planes, the diffraction pattern
also contains a ring due to the reflection from Au (111) plane, which
confirms the presence of Au crystallites in the film. The ring due to Au
(111) plane also indicate that Au crystallites are predominantly orient-
ed along the [111] direction.

2.4. Optical absorption studies

Optical absorptionmeasurementsweremade on In2O3:Au thin films
deposited on glass substrates. Absorbance spectra were recorded in the
wavelength range of 300 to 2400 nm using Jasco V 570 UV–VIS–NIR
spectrophotometer. Optical absorbance spectra of In2O3:Au thin films
are shown in Fig. 3. The curves marked by letters a, b and c correspond
to samples A, B and C respectively. The spectral response of absorbance
of pure In2O3 thin film (deposited without Au nanoparticles) is also
shown in Fig. 3 (marked In2O3), for the purpose of comparison. The
steep rise exhibited by all the spectra below a wavelength of about
350 nm, is due to the fundamental absorption edge of In2O3, which
has a band gap of ~3.75 eV.

It can be seen from Fig. 3 that the In2O3:Au films exhibit distinct ab-
sorptionmaxima in the range 540 to 565 nm, typical of localized surface
plasmon resonance (LSPR) due to Au nanoparticles [19]. The presence of
absorption maximum due to LSPR in sample C confirms the presence of
Au nanoparticles. Sample A has got the highest absorption maxima due
to LSPR while sample C has got the least value, which shows that the
strength of LSPR absorption decreases as the concentration of the Au
nanoparticles decreases in thefilms. The position of the LSPR absorption
maximum is determined mainly by the size of nanoparticles, their
shape, inter-particle spacing and the dielectric function of the matrix
in which they are embedded [20]. The absorbance maxima occurs at
564 nm, 552 nm and 546 nm respectively for the samples A, B and C, in-
dicating that the plasmon band shifts towards the longer wavelengths
as the Au content is increased in the films. The contribution to the
shift from dielectric function can be ruled out in the present case, as
the dielectric function of the medium (In2O3) is not expected to change
with concentration of nanoparticles. The effect of inter-particle spacing
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Fig. 3. Optical absorption spectra of In2O3:Au thin films. The spectra of samples A, B and C
are marked a, b and c respectively. The spectra of In2O3 thin film (marked In2O3) is also
shown for the sake of comparison.
on LSPR position has been observed in nanoparticle pairs. It is attributed
to the change in dipolar coupling and depends on the state of polariza-
tion of the incident light as well [21]. The LSPR maximum exhibits red-
shift for light polarized parallel to the inter-particle axis, whereas for
light polarized normal to the inter-particle axis, it shows blue-shift. In
the present case, since the particles are expected to be distributed ran-
domly with different sizes, inter-particle separation is unlikely to have
significant influence on the LSPR shift. A possible reason for the ob-
served red-shift may be the nanoparticle size, as the effect of radiation
damping increases with enhancement of particle size. In fact, similar
red-shift due to particle size has been observed in earlier studies on
noble metal nanoparticles embedded SiO2 films [22].
2.5. RBS studies

Rutherford backscattering spectroscopy (RBS) measurements were
carried out using the 3 MV singletron accelerator at the Centre for Ion
Beam Applications at the National University of Singapore [23]. A
2 MeV He+ beam of typically 20 nA beam current and 1 mm2 spot
size was used. RBS spectra were analyzed using the “XRUMP” simula-
tion code [24]. RBS measurements have been made using 4He+ ions
on all the samples and the results of sample B alone has been chosen
for discussion for the sake of brevity. Fig. 4 shows a typical RBS spectra
of In2O3:Au thin film deposited on Si together with the simulated
curve. Experimental data points and the simulated curve are denoted
by open circles and continuous line respectively. The front edges of Au
and Si appear at channel numbers of about 1300 and 700 respectively.
The back edge of In appears at a channel number of about 1000. Yield
due to O appears as a super imposed peak on Si plateau.

Simulations were started with an initial sample configuration of a
thin layer on a thick substrate. The simulation that reproduced the ex-
perimental data well yielded a three layer configuration. The first
layer was found to be that of In2O3:Au thin film and consisted of In, O
and Au with atomic percentages of 38.0, 55.2 and 6.8 respectively. The
ratio of atomic percentages of In to O was slightly higher than that
was observed for pure (without Au nanoparticles) In2O3, grown under
similar conditions. The next layer was a thin interface layer formed be-
tween In2O3:Au thin film and the substrate. It consisted of In, O and Si
with atomic percentages of 27.5, 42.7 and 29.8 respectively. The forma-
tion of this layer may be attributed to the striking of the substrate by
secondary electrons during sputtering. The interface layer does not con-
tain Au and therefore any Au present must be below the limit of detec-
tion of the present measurements.
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Fig. 4. RBS spectra of In2O3:Au thin film grown on Si.
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2.6. XPS studies

Photoelectron spectra were obtainedwith a ESCA-2000Multilab ap-
paratus (VG Microtech) available at Institute of Physics Bhubaneshwar,
India. A non-monochromatic Mg Kα excitation source and a hemispher-
ical analyzer were used for the measurements. Residual gas pressure in
the chamber during the measurements was ~10−10 mbar. All spectra
were recorded at 90° take-off angle with a pass energy of 20 eV and at
an instrumental resolution of 0.9 eV. After obtaining a survey scan in
the energy range 0 to 1000 eV, core level spectra of elements were re-
corded for the films. The binding energies were corrected with refer-
ence to the C 1s line at 284.6 eV. The In2O3:Au thin films displayed
certain interesting characteristics which prompted the XPS study of
the valence state, especially of Au. The resistivity of In2O3:Au thin
films were much higher than that of In2O3 films without Au nanoparti-
cles, but otherwise grown under identical conditions. The increase in re-
sistivity suggests to study the nature of valance state of Au in In2O3

matrix. Determination of the valence state of Au can reveal if new trap
levels are created by Au impurities of In2O3 which consequences any
unusual photoconductivity behavior.

Fig. 5 shows a typical XPS survey scan spectra of In2O3:Au thin film
(sample B) measured in the energy range of 0 to 1000 eV. Various
peaks in the spectra are indexed and correspond to different levels of
the elements present on the surface of the film. The presence of C
peak is due to the exposure of the film to atmosphere. Fig. 6 a–c show
the core level spectra of Au 4f, In 3d andO1s respectively, on an expand-
ed scale. The experimental data points, fits to individual peaks, and the
overall fit to the spectra are denoted respectively by open circles, grey
lines andblack lines respectively. Peakfittingwas done after subtracting
a Shirley background.

Photoemission spectra of Au 4f core level exhibited a doublet, fitting
of which yielded binding energies of 83.9 and 87.6 eV for the spin-orbit
4f7/2 and 4f5/2 states. These values match very well with the reported
values of Au0 state [19], which signifies that Au in In2O3matrix is in neu-
tral state. Hence, In2O3:Au thin films can be considered as a heteroge-
neous system consisting of a mixture of Au nanoparticles and In2O3.
Analysis of In 3d core level spectra yielded the binding energies of
spin-orbit split 3d5/2 and 3d3/2 states to be 444.8 eV and 452.4 eV, re-
spectively. These values are close to those reported for In present in
bulk In2O3 [25–27] and confirm that the formal valence of In is 3+.
The deconvoluted O 1s core level spectra showed the presence of two
peaks at 530.2 and 531.8 eV respectively. The peak 530.2 may be
assigned to O in crystalline In2O3, while the latter at 531.8 eV may be
assigned to the adsorbed OH species [25–27]. It may be concluded
from the results of photoemission spectra that Au is in the neutral sate
and the formal valence states of In and O are same as those expected
for In and O in bulk In2O3.
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Fig. 5. Typical photoemission survey scan spectra of In2O3:Au thin films.
2.7. Photocurrent studies

In2O3:Au thin films showed persistent photocurrent when illumi-
nated with a blue LED source (peak wavelength ~ 490 nm). The photo
current was observed for specified wavelength range and excitation
with longer wavelength sources (Green, Yellow and Red) did not result
in any change. Photocurrent measurements were made at room tem-
perature using a two probe method. Prior to the measurements, the
filmswere kept in dark for long. Fig. 7 shows the evolution of photocur-
rent as a function of time. Measurements were started immediately
after the LED's were switched on (marked as LED ON) and continued
for about 2 h after they were switched off (marked as LED OFF). The
photocurrent build-up as well as decay occur over a long period of
time. As can be seen from Fig. 7, the photocurrent do not saturatewithin
the time window over which the measurements were made.
μ

μ

Fig. 7. Built-up and decay of photocurrent. The arrows indicate the instants at which the
excitation source was turned on and off. The inset shows the decay part of the measured
photocurrent (symbols) along with the least square fitted curve (continuous line).
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The photocurrent decay, in general, can be modeled using a simple
exponential decay function with single time constant. In the present
case, the photocurrent decay data could not be fittedwith a single expo-
nential but needed two exponential transients given by,

I tð Þ ¼ I1 exp −t=τ1ð Þ þ I2 exp −t=τ2ð Þ ð1Þ

where, τ1 and τ2 are the two time constants, which signify two different
rate processes. The inset to Fig. 7 shows the experimental photocurrent
data (open circles) together with the least square fitted curve (continu-
ous line through the data points). The extracted time constants are
found to differ by an order of magnitude with values of 2.5 × 102 and
2.9 × 103 s. The large time constants are indicative of the deep trap
levels in the forbidden gap of In2O3. The time needed for the carriers
to escape from the trap level depends on the position of the trap level.
In fact, for a given temperature, it varies exponentially with the trap
level energy [28] and can be written as,

ln τ=τ0ð Þ ¼ Et=kBT ð2Þ

Here, τ0 = 1 / ν0, where, ν0 is the attempt frequency and is taken as
1013 Hz, the vibrational frequency of the lattice [29]. Et is the energy of
the trap level, measured from the top of the valence band, kB is the
Boltzmann constant and T is the temperature. The calculations have
yielded the values of trap levels to be 0.91 eV and 0.98 eV, correspond-
ing to time constants 2.5 × 102 and 2.9 × 103 s respectively.

Persistent photocurrent is an excess current resulting from change
in free carrier density mediated by sub-band gap light and persists
long after the excitation source is switched off. It is observed in several
semiconductors, in particular compounds and solid solutions of III-V
and II-VI semiconductors andmetal oxides [30,31]. Persistent photocur-
rent is usually associated with deep levels that serve as recombination
centers for electron-hole pair [32]. The defects may be present in the
bulk for single crystals or in the grain boundary, if the solid is polycrys-
talline. A metastable defect that is often considered responsible for per-
sistent photocurrent is the DX center (D-stands for donor and X
specifies that the defect is unknown, which is the case quite often)
[33–36]. The DX center, depending on its state, plays a dual role of
deep level with highly localized wave function or a shallow level with
hydrogen like wave function and hence can contribute to conduction.
An example of DX center is the oxygen vacancy in ZnO, which in its
unionized neutral form, creates a deep level that cannot contribute to
conductivity [33,37]. When it is doubly ionized with a light of suitable
energy, a large outward lattice relaxation takes place and as a result, it
forms a shallow state below the conduction band. When light is
switched off, the difference in lattice relaxations presents a barrier
(~0.2 eV) for electron capture by the deep level, which results in persis-
tent photocurrent. Distortion in the lattice has also been known to in-
crease the decay time. For instance, in InGaN, random potential
fluctuation arising from compositional fluctuation was shown to de-
crease the trap capture rate [38] while fluctuation resulting from strain
due to lattice mismatch in GaNwas found to be responsible for increas-
ing the decay time [39].

Reports of photoresponse of amorphous [40], micro-crystalline [41]
and polycrystalline In2O3 thin films [42] to UV radiation are available in
the literature. The films exhibited considerable reduction in resistivity,
which could be reverted to its initial value. The reversible changes in re-
sistivity were attributed to reduction by UV light and subsequent oxida-
tion in ozone rich atmosphere. It has been shown [43] that the changes
are confined to a very thin surface region and not in the bulk of the film.
There has beennoprevious experimental evidence for persistent photo-
current in In2O3. Tanaka et al. [43] have performed theoretical calcula-
tions on neutral vacancies in Al2O3 and In2O3. They have observed that
neutral O vacancy can form shallow level. Doubly ionized O vacancies
are known to form shallowdonor levels and in fact, they are responsible
for the n-type conductivity in off-stoichiometric In2O3, which is a semi-
insulator in its stoichiometric form [12].More recently, Lany and Zunger
[34] based on their work on ZnO, have suggested that neutral oxygen
vacancies in In2O3 can give rise to deep localized states. Therefore, we
understand, in the present case the deep trap level may be created
due to neutral oxygen vacancies. Since neutral oxygen vacancies in
metal oxides (e.g. ZnO) create deep levels that trap electrons, the resis-
tivity of the films will be high. In fact, we have observed that for given
sputtering conditions, the In2O3:Au film exhibited resistivity which is
nearly three orders of magnitude higher than that of In2O3 films
(~10−3 Ω cm [44]) without Au nanoparticles. A possible reason for
the creation of neutral vacancies may be the bombardment of the sub-
strate by secondary electrons and other species in the plasma during
sputtering. In fact, electron irradiation has been suggested to be respon-
sible for the creation of neutral O vacancies in ZnO films [37]. However,
the actual cause for the creation of neutral oxygen vacancies during co-
sputtering is unclear now and needs further studies.

3. Conclusion

In2O3:Au films have been grown by co-sputtering. GXRD and TEM
studies revealed the Au crystallites orientation along [111] direction.
Presence of Au nanoparticles in the films has been confirmed by the ab-
sorption band due localized plasmon resonance in the optical spectra.
XPS results showed that Au is in neutral state. The films exhibited per-
sistence photocurrent and is attributed to the presence of deep levels.
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